We propose a minimal extension of Standard Model, generating a Majorana mass for neutron, connected with a mechanism of Post-Sphaleron Baryogenesis. We consider an 'exotic vector-like pair' of color-triplet scalars, an extra Majorana fermion ψ, and a scalar field φ, giving mass to ψ. The vector-like pair is defined 'exotic' because of a peculiar mass term of the color-triplet scalars, violating Baryon number as ∆B = 1. A Post-Sphaleron Baryogenesis is realized through φ-decays into six quarks (antiquarks), or through ψ-decays into three quarks (antiquarks). This model suggests some intriguing B-violating signatures, testable in the next future, in NeutronAntineutron physics and LHC. We also discuss limits from FCNC. Sterile fermion can also be light as 1 − 100 GeV. In this case, the sterile fermion could be (meta)-stable and n −n oscillation can be indirectly generated by two n − ψ, ψ −n oscillations, without needing of an effective Majorana mass for neutron. Majorana fermion ψ can be a good candidate for WIMP-like dark matter.
Introduction
Has the neutron a Majorana mass or not? This is not just an academic question.
Majorana himself proposed in '37' , that neutron could have a Majorana mass term δm nn + h.c [1] . We do not know if Majorana understood immediately the depth of his proposal; but today we get that existence of a "Majorana's fermion" is related to baryon or lepton numbers' violations. In particular, a Majorana mass for neutron implies a neutron-antineutron transition, violating baryon number by ∆B = 2 [2, 3, 4] . The current limit on n −n is τ nn = 1/δm > 0.86 × 10 8 s with 90% C.L., implying δm < 7.7 × 10 −24 eV [5] . This corresponds to a constraint M > 300 TeV on the effective operator (udd) 2 /M 5 . This limit is particularly loose with respect to other rare processes violating Baryon or Lepton numbers: τ nn > 3 yr for neutronantineutron can be compared with τ p−decay ∼ 10 34÷35 yr for the Proton decays, τ 0νββ > 10 25 yr for neutrinoless double beta decays [6] . For these reasons, neutron-antineutron 
A Model for a Neutron Majorana mass
We introduce a vector-like pair of (complex) color-triplet scalars X i , Y i (an their antiparticles) with i, j color indices of SU ( and L(X ) = L(Y) = 0. We also consider a Majorana sterile particle ψ(1, 1; 0), with a mass term µψψ + h.c. This is a gauge singlet with zero Baryon number, zero Lepton number, zero hypercharge. These fields, compatible with gauge invariances, can interact with quark fields as
mass terms for X and Y,
and X − Y has a peculiar mixing mass term
With these interactions, one can construct a Neutron-Antineutron transitions as shown in Fig.1 . Note that all interactions terms are B-preserving, exception for mixing term Fig.1 can be seen as a combination of two oscillations n−ψ and ψ −n with τ nψ τ ψn 10 8 s:
ψ is a (meta)stable particle, and not a virtual one in propagator, in this case. Note that actual best limits on n − ψ oscillations are τ ≥ 414 s, from Ultra Cold Neutron experiments, in condition of suppressed magnetic fields |B| < 10 −4 Gauss [34] .
More precisely, in estimation of M, we have to consider not M 2 0 , but the smallest mass eigenvalue of mass matrix of X , Y. We assume M 0 as a real parameter. We can decompose the color complex scalars as X =
we can write mass matrix, in basis (
The eigenvalues are
5 Such a term can be generated, in a supersymmetric model, as a loop of susy partners ψX , ψY and a gaugino; with a mixing term MSe
Y , generated by Exotic Instantons [28] (MS is the String scale and e −S E2 is the parameterize by geometric moduli of the 3-cycles wrapped by the Euclidean D2-brane in the Calabi-Yau CY3). In this model, M (two-two degeneracies, as manifest in (4)).
In this model, we are not generating a proton decay process, if the mass of ψ is higher than proton mass 6 . but enough for neutron-antineutron transitions: an prefactor of 10 −12 in a n −n scale 6 We assume that other possible interactions of X , Y, ψ with leptonic sector are suppressed, in order to avoid other dangerous effective operators. For example, possible extra operators like Yqαl α , leading to a proton decay operatorl/Λ 2 , can be avoided through opportune discrete symmetry ZN , compatible with ∆B = 1 operators like M0X Y. Note that X , Y are not leptoquarks, they not have Lepton numbers, in our case. We are assuming that our model is not violating lepton number as ∆L = 1; this is simple to realize just with a discrete symmetry Z2. This can be also compatible with Majorana masses for neutrini ∆L = 2. We also note that ψ is not a Right-handed neutrino, it has a Lepton number equal to zero. Alternatively, in a string-inspired model like [28] , R-parity is dynamically broken by Exotic Instantons, generating (1)- (2) 
FCNC bounds and the space of the parameters
−π 0 , K 0 −K 0 , D 0 −D 0 , B 0 −B−π 0 , K 0 −K 0 , D 0 −D 0 , B 0 −B
LHC physics
As discussed in Section 2, a direct production of the e.v. m X > 500 GeV → µ > 400 GeV; m X > 1000 GeV → µ is unbounded from below. As a consequence, ψ could be a (meta)stable particle visible at LHC as transverse missing energy and Dark Matter Direct Detection. In this scenario, Neutron-Antineutron physics is directly connected to the Dark Matter question 7 .
We also mention limits from top-jet and di-jets channels on exotic vector-like pairs around 1 TeV (top-jet 900 GeV, di-jets 1.2 TeV), but these are not lower than FCNC ones cited above.
Post-Sphaleron Baryogenesis
In the proposed mode, one can envisage two simple mechanisms for post-sphaleron baryogenesis: i) φ-decays into six-quarks (antiquarks), ii) ψ-decays into three-quarks (antiquarks). We discuss these two in the following.
Scalar-decays into six quarks (antiquarks)
We can reverse diagram in Fig.1 , considering the mass parameter of ψ as generated by a scalar field φ, acquiring a vev scale v, with µ = y ψ v. For the moment, the mass of φ is a free parameter, M φ 8 . In Fig.6 we show decay diagrams, at tree level and one-loop.
We can evaluate the amplitude M, at tree level, as
7 If ψ compose all Dark Matter, from WIMP relic abundance µ > 7 GeV [40] . 8 More precisely we can rewrite φ = (v + φr + φi)/ √ 2, and the dynamical scalar decaying is φr. In the following discussions, for φ-decays we will always mean φr-decays, and for M φ we will mean M φr . One-loop corrections from the electroweak sector can be evaluated as (assuming all the couplings in λ 1 ∼ λ 2 ∼ 10 −3 ÷ 1)
where c (10 In principle, we have also to consider running prefactors connecting high energy physics of baryogenesis with low energy neutron-antineutron physics. This prefactor is around −2 [31] .
At three level, the decay rate of φ is the square modulus of the amplitude (6), times a phase space factor for a 6q (or 6q) final state:
with I 7 × 10 −18 a numerical factor coming from a numerical integration in the phase space times combinatoric factors (practically independent from the ratios of mass parameters, the variations on this integration are of the order of 1 %, not important for our purposes).
Considering the case of a Post-sphaleron baryogenesis: the rate (8) has to be smaller than the Hubble rate at a temperature near the electroweak phase transition epoch: Γ S < H(T ew ). We consider a decay temperature indicatively between 100GeV ÷ 200 MeV, between electroweak phase transition and the QCD phase transition (Λ QCD 200 MeV). The decay temperatureT can be found solving the equation
where g * is the number of degrees of freedom atT . From this we can get Finally, we can evaluate the primordial baryon asymmetry parameter, directly related to the observed baryon asymmetry:
It is necessary to evaluate this including 1-loop CP-violating contributions coming from the electroweak sector, i.e CKM CP violating contributions. The contribution With V one-loop vertex contribution. So the asymmetry is controlled by M φ . As a consequence, M φ >> 500 ÷ 1000 GeV suppresses the contribution from the vertex.
Cimparing this bound with the other one coming from (10), the region of the parameters discussed in Section 2 are well compatible. As a consequence, a Post-sphaleron baryogenesis is possible and naturally predicts a neutron-antineutron oscillation of τ nn 10 8 − 10 10 s.
Finally, we also have to consider the dilution of the baryon asymmetry:T M φ /5÷
M φ /10, the decay of φ generated entropy into the primordial plasma. The dilution can be evaluate as the ratio of entropy density before and after φ-decay:
where r φ = n φ /s is at the decays' epoch. This can be estimated as
(where k parametrize also extra suppressions from the couplings). From (12), we can find ∼ 10 −8÷9 , but this has to be normalized with the dilution factor. We So, we can conclude that this mechanism can generate baryon asymmetry in our Universe, during a Post-Sphaleron epoch, satisfying all Sakharov's conditions i.e i) out of thermal equilibrium; ii) CP-violating processes iii) B-violating processes [41] .
Majorana fermion decays in three quarks (antiquarks)
Alternatively, we can consider directly ψ → u i d j d k ,ū idjdk , in which µ is below electroweak scale. In this scenario, color triplets cannot be detected at LHC. The decay rate can be evaluated as Γ ψ→qqq,= ckµ
9 One can consider also 1-loop contributions coming involving also X , Y, ψ in the propagators. However, one can numerically evaluates these contributions and discover that they are subdominant with respect to the contributions in (11) . Also Self-energy contributions (or wave-function renormalizations) give not important contributions for our estimations.
where λ ± are mass eigenvalues in (5), and
(c contains also color factor 6 in numerator). We are assuming λ ± >> µ. Under the assumption λ + >> λ − M 0 , (16) is simplified as
However, we have also to consider scattering processes. q + ψ →qq: they go-out of equilibrium at the same temperatureT of ψ → 3q(q) decays. ForT < µ, ψ cannot be produced, for lack of phase space. So, one has also to consider ψψ →contributions to baryon asymmetry generation. Extra one-loop electroweak corrections (W ± exchanges) lead to dominant contributions as (12) cited above. From this, we can estimate 10 −8 ÷ 10 −9 , for k ∼ 1 (natural couplings), ulteriorly suppressed by by dilution factor for 10 −1 , as discussed in the previous subsection. We conclude that also mechanism seems a viable way to generate the observed Baryon asymmetry.
Conclusions
In this paper, we have discussed a simple alternative model generating a Majorana mass for the neutron, connecting Majorana's proposal to deep issues regarding Baryogenesis and Dark Matter. In particular, we have introduced just one exotic vector-like pair of color-triplet scalars, a sterile Majorana fermion ψ, and a scalar giving mass to ψ.
An e.v.l.p is characterized by an extra peculiar mass term, violating baryon number by ∆B = 1. In particular, we got limits on exotic mixing mass parameter from LHC physics. We have seen how Baryogenesis can be realized, also during the post-sphaleron epoch, and we predict a neutron-antineutron transition with a time interesting for the next generation of experiments: τ nn ∼ 300 yr. We have also considered, an alternative scenario, in which the sterile fermion is a metastable WIMP-like particle. In this case, a neutron-antineutron transition can be generated by two ∆B = 1 oscillations, n − ψ and ψ −n.
We conclude that this model, postulating an exotic vector-like pair of color-triplet scalars, deserves attention for its peculiarity and simplicity, especially considering its possible connections with fundamental issues and its implications in B-violations phenomenology such as neutron-antineutron physics and LHC.
